Abstract. As reported in the open
INTRODUCTION
In 1971, Leon Chua theoretically predicted [2] the existence of memristor, the fourth fundamental element. He claims that memristor fills the gap in the relation that connects magnetic flux and electric charge: M(t)=dϕ(t)/dq(t). In 2008, Strukov et al. [3] published a paper in which the authors claim that the component was produced in HP"s laboratory. The conclusion was made on the basis of matching behavioural properties that Chua predicted with the measured results.
To the contrary, there are papers such as [4] , in which authors claim that memristor is not a new element. They claim that HP laboratory did not create a new component, and that Chua"s prediction was not correct. This discussion should be classified as theoretical, since it is not relevant for the component"s implementation. Presently, there are two companies that provide commercially available memristors [5, 6] , and a lot of researchers are trying to apply memristors in various fields of electrical engineering. There are plenty of reasons for memristors implementations, such as: small dimensions, small power consumption, fast switching time (of the order of seconds or less) from ON to OFF state and vice versa, no mechanical parts are included, etc. All of the mentioned characteristics are relative to the commercially available devices in use for implementations for RF/microwave systems and devices.
In order to implement memristor-based circuits, appropriate models for circuit-level simulations are required. In this paper, we analyse models of memristors that operate at high frequencies. First, we display models for the transition process and display results achieved using the models. Next, models for the frequency analysis are discussed and compared. Finally, we summarize results in short and suggest which models are most suitable for simulations at RF/microwave frequencies.
In the new volume of IEEE Circuits and Systems Magazine, there are two papers which understanding could improve researches in both modelling area and implementation area. Biolek et al. [7] point out at important fingerprints of memristors, which could be good guidelines. Ascoli et al. [8] discuss about dynamics of real world memristors.
Some of the models were recently used to realize memristor-based circuits. Different filter realizations [9] and reconfigurable microwave filters [10, 11] were analysed using these models. Transition of memristor states in reconfigurable microwave filter was analysed in [12] . The use of memristors in power divider, coupled resonator bandpass filters, and a low-reflection quasi-Gaussian lowpass filter with lossy elements, was discussed in [13] . Realisation of phase shifter was presented in [14] . Modelling and simulation of large memristive networks was reported in [15] . Potential applications of memristors in RF/microwave circuits were presented in [16] . There is also a chapter in the book [17] regarding memristors, in which authors summarized possible applications using memristors in passive microwave circuits.
MODELS FOR TRANSITION PROCESS
In this chapter a couple of memristor model types are presented. We analyse these specific models which seem to be the most effective, to the best of our knowledge.
Biolek's model
Based on HP"s device that was fabricated back in 2008, Biolek et al. came with an initial memristor model in 2009 [18] , and with improved models in 2013 [19] . The physical model of the memristor from [3] is shown in Fig. 1 . It consists of two-layer thin film, sandwiched between two platinum electrodes. The first layer is doped with oxygen vacancies, so it behaves as a semiconductor. The other region, which is undoped, has an insulating property.
Fig. 1 Graphical representation of memristor model
The total resistance of the device is a sum of the doped and undoped regions. By applying adequate voltage at platinum electrodes, it is possible to change the width of the doped and undoped region. This fact implies that it is possible to change the total resistance of the memristor. After some calculations, we can present a simplified equation for the memristor resistance:
where M represents memristance (memristor"s resistance), Φ is the flux, q is charge, μ v is dopant mobility, D is the distance between platinum electrodes, R on and R off are resistances of the doped and undoped regions. The total memristance depends on initial values of R on and R off, as well as the width of the doped region x referenced to the total width of the memristor D. The speed of the movement of the boundary between the doped and undoped regions may be calculated as:
where k is a constant:
, i M is the current through the memristor, and f(x) is a so-called window function. The purpose of the window function is to describe nonlinear dopant drift. It is a phenomenon that manifests when small voltages yield enormous electric fields, which can produce significant nonlinearities in ionic transport. These nonlinearities manifest themselves particularly at the thin film edges, where the speed of the boundary between the doped and undoped regions gradually decreases to zero. This model is graphically presented in Fig. 2 . The memristor memory effect is modelled using a feedback-controlled integrator. It stores the effects of the passing current, and controls the memristance.
Fig. 2 Graphical representation of the memristor model
On the basis of this reasoning, it becomes apparent that the problem of modelling the memristor is reduced to the modelling of the window function. The problem is not just to provide one formula for all the micro effects, but also the limitations that exist in the software for circuit analysis. In light of this, it becomes clear why so many papers on this topic were published in the last decade. Some of the most important papers from this group, alongside Biolek"s, are Joglekar [20] , Yakopcic [21] . There are also new papers by Biolek et. al [22, 23] , in which they solve some problems caused by SPICE programs, in terms of representation of very large numbers.
Here, we discuss the resistive model reported in [19] . The model is based on the minimal resistances in ON state and the maximal resistance in OFF state -R ON , R OFF initial resistance R ini ; mobility of charge μ V ; and the distance between the platinum electrodes d.
Memristance could be calculated as:
where x is the width of the doped region, and x ∈ [0,1]. So Rini = R for some initial state of x, R = R OFF when x = 0, and R = R ON when x = 1. Those are the only values that need to be set up for the model to work properly. R ON , R OFF , μ V and d are fabrication dependent values. R ON and R OFF differ from R On and R Off from Eq. (1), and should not be mixed:
. This model provides theoretically predicted results in case of I-V curve analysis, as shown in Fig. 3 . Results are obtained using LTspice [24] . Additionally, it is an excellent model of an ideal memristor. The model is resistive, so it might be used for the proof-of-concept transition process of idealized microwave circuits. For switching from the OFF-to-ON and from the ON-to-OFF state analysis, a simple circuit containing serial connection of a generator and a memristor is used.
Generator produces PWM signal, with voltage amplitude of ±2 V, at the frequency of 100 kHz, and the high voltage level lasts 70% of the signal period.
Simulation result suggests that the transition time is of the order of seconds, for both ON to OFF and from OFF to ON transitions. Increase of voltage amplitude would shorten the transition time, but we considered that memristor cannot handle very high voltages. Increase of frequency would also shorten the transition time.
Mazady's model
Mazady et al. proposed models for both transition process and frequency [26] analysis. They are based on the TiO 2 device. We can classify these models as a new category, comparing to Biolek"s, Yakopcic"s, Joglekar"s etc. In this case, model for time-domain analysis are defined by 24 ideal switches (exact moments of switching ON or switching OFF); currents through 6 parallel branches. Model for frequency-domain analysis consists of resistances in ON and OFF states R HC , R LC ; parasitic inductances L 1 and L 2 ; capacitances C and C b . R HC and C are time dependent variables. I-V curve matches theoretically predicted results, as shown in Fig. 4 . Results are obtained using LTspice [24] . All of the circuit parameters are the same as in the original paper [26] . Switching time is very short. Authors claim [16] that it takes only 210 ps for switching from OFF to ON state, and vice versa. Since the switching time is very short, it is possible to use a short rectangular impulse for programming memristor"s states.
The particularity of these models lies in the fact that they depend on excitations and the actual circuit parameters. Consequently, no stand-alone self-contained memristor model is available, which is based only on the port description equations.
Amirsoleimani's model
Amirsoleimani et al. also proposed a memristor model based on the TiO 2 device [27] . This kind of model could be classified as the third category. It includes plenty of fabrication details and specific calculations. Amirsoleimani"s approach is based on the tunnelling effect, and the model is very similar to the Shottky diode model. It is based on many physical properties, which are directly used in calculations for the current of the tunnelling effect and the Ohmic currents. The memristor I-V curve obtained from this model matches the theoretically predicted results for different excitations, as shown in Fig. 5 . Results are obtained using NI AWR Microwave Office [28] . Switching time depends on parameters, but it is of the order of magnitude of a few seconds, as reported in [27] . This model does not depend on excitation and circuit parameters. The downside of this model is that it requires many fabrication parameters to be measured and set in order to properly illustrate memristors behaviour. Also, complicated equations require more time to be calculated. Simulation time is longer. Signal for programming could be the same as for Biolek"s model.
It is important to mention another category of models -analytical. The purpose of these kind of models is to provide simplified mathematical (analytical) apparatus, which will facilitate design of electrical circuits. This means that it will improve modelling of memristors, but also facilitate the design of memristors programming circuitries. To the best of our knowledge, there is only one published model [29] at this time. These kind of models are still in development, and perhaps there will be some useful results in near future.
Another group of memristor models that is important to mention is based on Verilog models. One of the best models of this kind was presented in series of papers [30] [31] [32] . Since our focus is on SPICE models and circuits, we will not analyse this model, but leave Verilog models for some further researches.
MODELS FOR RF/MICROWAVE SIMULATIONS
From the RF/microwave simulation viewpoint, Mazady"s model [26] , Pi"s model [25] and improved Pi"s model [24] may be particularly interesting. Mazady"s model [26] is actually the Laplace transform of the model (equations) for the transition process. However, this model strongly depends on the actual circuit and its excitations.
Pi's model
Pi et al. [25] fabricated series of devices and provided obtained results. Authors claim that it was fabricated on an intrinsic silicon wafer with a 380-nm-thick thermally grown silicon dioxide. They used silver (Ag) layer as a terminal for one side, and gold (Au) with a thin titanium (Ti) adhesion layer as a terminal from the other side. The terminals are separated by a 35-nm-wide air gap. This structure is graphically presented in Fig. 6 . Switching is related to the formation/rupture of multiple conductive filaments between two electrodes. In the ON state, there is always at least one conductive filament, which leads to the low resisting state. In the OFF state, ruptures are dominant, so this state is dominantly defined by capacitances of the gaps between the filaments.
According to the measurements on fabricated devices, authors proposed an RF memristor model of the memristor switch that behaves as a resistor in ON state, and a capacitor in OFF state, as shown in Fig. 7 . Averaged values for resistance and capacitance of the fabricated series of devices are: R ON = 3.6 Ω, C OFF = 1.37 fF. The capacitance is predominantly associated with the capacitance of the air gap, which depends on the effective dielectric constant of the substrate-air interface. It is constant over the frequency range of [10 MHz, 110 GHz]. Frequency and power ratings are also provided in the paper. Model was tested in the range of 10 MHz -110 GHz. At 40 GHz, in the ON state, measured insertion loss was 0.3 dB, and in the OFF state, measured isolation was 30 dB. Memristor is operative up to about 20 dBm (17 dBm measured; 24 dBm calculated). The ON state is critical, since the device is limited by fusing. As the memristance increases, memristor"s power handling also increases. 
Weinstein's model
Weinstein et al. [33] analysed behaviour of Pi"s memristor model, and presented some improvements. They take into account the following effects: SiO 2 parasitic capacitance; Si substrate capacitance and the fringe capacitance between the signal line and ground planes. Inductance of the filament and the electrodes are also taken into account. The model is displayed in Fig. 8 . Values for the proposed model are: R ON = 2.56 Ω, C OFF = 1.168 fF, L = 52 fH, L ω = 3.1 pH, C p = 1.15 fF. 
COMPARISON OF MEMRISTOR MODELS FOR TRANSITION PROCESS
In this section we compare the results obtained by using different memristor models. Biolek"s model [19] is based on HP"s device [3] . This model"s parameters are initial resistance, minimal resistance in ON state, maximal resistance in OFF state, memristor width, dopant drift speed. Mazady"s model [26] was also based on TiO 2 device. In this model, parameters are switching times. Amirsoleimani [27] based his model on accurate charge transport calculation, and it could be applied on TiO 2 as well. In this model, there is a lot of parameters to set, such as: temperature, electron mobility, ion mobility, barrier height, density of states in valence and conduction bands, activation energy, some circuit parameters, and others.
Our goal is to have a RF memristor model. SPICE memristor models available to the present day do not accurately describe the transient process of the corresponding RF devices. Basic parameters of Pi"s RF device are: resistance in ON state, capacitance in OFF state, resistance in OFF state, memristor width, conductor atoms mobility… Main model properties and results are presented in Table 1 , for models used for timedomain analysis: Comparing with the other two models, Biolek"s model has the longest transition time. Transition time is longer in this case because Biolek"s model is model of an ideal resistive memristor. Other parameters / properties are equal or better. It is simple to set, and there is no great calculation complexity. Mazady"s model main issue is that it is not excitation independent, so model should be changed as the excitation changes, which requires calculations. Amirsoleimani"s model is the most precise model. On the other hand, it is not easy to set, and calculation complexity is big in comparison with the other two models.
In case of the frequency-domain models, Pi"s and Weinstein"s model provide very similar results in circuits such as phase shifters and filters. Weinstein"s model could possibly be treated as more precise, since there is more parameters taken into consideration. On the other hand, in a complex circuitry Pi"s model would faster provide simulation results.
CONCLUSION
A lot of researchers are working on the memristor fabrication and modelling. There are many different models of memristors available in the open literature. Not all of them are suitable for RF/microwave analysis.
In this paper we compared several SPICE models from several categories used for transition process and frequency analysis. The best results for transition process are achieved using models based on window functions. Biolek"s model seems to be one of the most precise in this category, as well as in general. It is excitation independent and simple to use and adjust. Equations are not of great complexity, so the simulation is not time-consuming. Mazady"s models provide good matching with theoretical expectations. These models are dependent on the circuit parameters and excitations. Amirsoleimani"s model is probably the most accurate when considering physical processes inside the TiO 2 device. It is excitation independent, circuit independent, and matching with theory is good. On the other hand, the main issue with this kind of models is its complexity of setting all the parameters. Simulation time is a little bit longer comparing with Biolek"s model. Analytical models are still in development.
In the case of frequency analysis, we analysed two models.
To be more precise, we discuss one device, its model and improved version of the model. Original Pi"s model was experimentally verified. Authors provided information on average values in ON and OFF states, power handling, isolation in OFF state and insertion loss in ON state. The improved model was based on the original model, plus some side effects were taken in consideration. It is only theoretical and no measurement was involved. These two models provide very similar simulation results when applied in the phase shifter circuits.
